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The functions of the National Bureau of Standards are set forth in the Act of Congress, March
31, 1901. as amended by Congress in Public Law 619, 1950. These include the development and
maintenance of the national standards of measurement and the provision of means and methods for *
making measurements consistent with these standards: the determination of physical constants and
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consultation and information services. Research projects are also performed for other government
agencies when the work relates to and supplements the basic program of the Bureau or when the
Bureau's unique competence is required. The scope of activities is suggested by the listing of
divisions and sections on the inside of the back cover.
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The results of the Bureau's work take the form of either aeti? I equipment and devices or pub-
lished papers. These papers appear either in the Bureau's own series of publications or in the journals
of professional and scientific societies. The Bureau itself publishes three periodicals available from
the Government Printing Office: The Journal of Research, published in four separate sections,
presents complete scientific and technical papers, the Technical News Bulletin presents summary
and preliminary reports on work in progress; and Basic Radio Propagation Predictions prov ides
data for determining the best frequencies to use for radio communications throughout the world.
There are also five series of nonperiodical publications: Monographs, Applied Mathematics Series,
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1. Physical Properties of Fluid Hydrogen

1. 1 Heat Capacity and PVT Measurements

Dr. R. D. Goodwin (Project Leader), D. E. Diller,
H. M. Roder, Dr. L. A. Weber, Dr. B. A. Younglove

The PVT measurements on parahydrogen are being conducted

by D. E. Diller and L. A. Weber with assistance from R. D. Goodwin

and occasionally from H. M. Roder. H. M. Roder is programming

and conducting the computations with the electronic machines and is

also examining the data for self-consistency. The heat capacity

calorimeter design details are being attacked by B. A. Younglove

full-time and L. A. Weber part-time, and the methods required to

obtain thermodynamic functions from experimental data have been

surveyed by R. D. Goodwin.

Among the. Appendices is a confirmation, by vapor-pressure

observations, that we have indeed had parahydrogen in the pipet.

PVT data in the range 28 through 70 cc/g. mol is presented (experi-

mental runs Nos. 3 through 31). Experiments to much higher densi-

ties have been completed (through run No. 42). The highest densities,

above the point of solidification near 200 atm., are about to be

measured. Following that, the low-pressure measurements required

for computation of thermodynamic functions will be undertaken in the

range of amagat density from 300 to 30.

This portion of this report was originally prepared as part

of a different report series. References to earlier reports in this

V other series occur in several places in the Appendices and should

be ignored.
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APPENDIX I

Thermodynamic Functions from PVT Data

1. Methods are discussed in general and in detail by authors of

references [ 1-7] in that order. The change in thermodynamic func-

tions with pressure or density at constant temperature may be com-

puted from PVT data. The paths of such computations are vertical

straight lines on figures 1 and 2, prepared for this discussion. It is

necessary to choose some standard or reference state. This leads

to confusion because in the natural reference state of zero pressure

the functions A, S, and G have logarithmic infinites. The figures

show that isothermal access to the liquid region from low densities

is blocked by the coexistence region. The choice of density, rather

than pressure, as an independent variable together with temperature

yields more regularly-behaved functions for computational purposes.

A separate task, therefore, is a final interpolation from density to

pressure as independent variable for engineering applications. The

selection of functions and procedures for computation is discussed

below.

2. Reference or Standard States. Professor Michels takes a value

of zero for energy and entropy, E and S, under standard conditions,

00C at 1 atm. To obtain values for S along the reference line of

amagat density p = 1 at different temperatures, the specific heat as

a function of temperature at p = 1 is required [ 2]. H. W. Woolley

on the other hand tabulates thermodynamic functions "for a fictitious

ideal gas" at one atmosphere pressure as a function of temperature

[ 4] from computations of spectroscopic data by statistical mechanical

methods [ 7,8]. The situation of these reference or standard states,

p = 1 and P = 1 atm. , relative to the phases of hydrogen is shown by

the figures mentioned.
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3. Basic Functions. Residual functions are a difference between

values for real and ideal gas at the same temperature and density.

Whether explicitly stated [3] or not, they are used in actual compu-

tation [4]. A defined residual function of the data, Q*, simplifies

computations utilizing density as an independent variable [ 3],

0* = (Pv - RT)v = RT(Z - l)v. (1)

This function is related to isochores, showing the same regular

behavior with temperature and density. Extrapolation of Q* iso-

therms to zero density gives RT- B where B is the second virial

coefficient. All of the residual thermodynamic functions, equation

(13-a), approach zero with density (no logarithmic infinities). From

only two such functions the others may be obtained rather directly.

With density as a variable, the residual Helrnholtz free energy may

be obtained without differentiation of the data,

u

A*(uT) = Q*duT, (2)

0

where u - 1/ v is density and data must be used to sufficiently low

density for acceptable error in this residual.

Any additional thermodynamic function (variables u and T) now

requires differentiation of the data. It is pointed out by F. Din [ 1],

however, that it may be preferable with precise and closely-spaced

data to perform differentiation after an operation such as equation (2).

The alternatives are
V u

S*(u,T) = - , (OQ*/8T)uduT (3-a)

0

and

S(u, T) = - (A/ 8T)U. (3-b)
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The remaining residual functions are

E* = A* + TS* (4)

H* =E* + Pv- RT (5)

G* = H* - TS* (6)

ln(f/P) = A*/RT - lnZ + Z 1l (7)

A check is given by application of

(8GI/ P)T = v (8)

to results with pressure as independent variable.

4. Specific Heats. These are highly exacting of data accuracy and

precision: u

Cv T S (zQ*/T2 T (9-a)

C* - C* = -R + T(OP/1T)Zv/ (P/8v)T. (10-a)

p v vT

As an alternative, however, the second differentiation may occur at a

late stage of the computations,

Cv = (OE/IT)v, (9-b)

Cp = (8H/OT) p. (10-b)

5. Residuals from Equation of State. When graphical methods are

employed, it is imperative for accuracy to handle only suitable

residual quantities. At very high densities any real fluid shows such

extreme deviation from ideal gas behavior that the conventional

residuals [ 3] no longer are relatively small. It is necessary then to

utilize an equation of state for reference rather than ideal gas [ 6].

We eschew this method since, for the extreme range of densities to

be handled, it may be expected that the residuals from any possible

equation of state would not be well-behaved. Computational labor,
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moreover, becomes excessive. The close-spacing of our data,

together with electronic computer-methods, may permit use of the

conventional residuals.

6. Michels' Residuals. Take entropy and energy as zero at the
standard state, 0°C and P = 1 atm. , amagat density p a vP/v = /.

0 0

Entropy at any other temperature on the p = I isochore is

T

( = - (Cv) d lnT. (11)S(1,T)-S(1,T) (1 S('7 3) •73 P=1

Corresponding Helmholtz energy could be obtained with

(8A/BT)v = -S. (1U)

Professor Michels prefers to determine E on this isochore via a

path through p = 0,[12]. One then has A a E - TS.

The residual A* of any thermodynamic function A is defined

by
u

A*(u,T) 5 [(BA/8U)T - (SA/au)T ] duTD (13-a)

0

where the superscript o indicates perfect gas. If relative values for

A have been determined at all temperatures along the p = 1 isochore,

values at other densities on an isotherm are given by

P

AA - A(p,T) - A(l,T) = (8A/p)ITdpT (14-a)

P P

&A= ,(8A/p)T dpT + •[(A/8p)T - (BA/Sp) ]dpT (14-b)

P
1 o

&A (8A/8p)TdpT + A*(p,T) - A*(l,T). (14-c)
T
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If A be Helmholtz energy, then

(8A/8p) = -RT/p (15)

and

A*(p,T) = uo0  Q*dpT' (16)
0

00

where u l/vI is density at standard state, O0C, P = 1 atm.,
o o 00

where molal volume is v . Equation(14-c) then becomes
0

A = -RT Inp + u° [SQ*dPT- SQ*dPT] (17-a)
00

P

A(p, T) = A(1, T) - RT In p + uo SQ*dpT" (17-b)
T

For entropy, the relations corresponding to (15) and (16) are

(as/ p)= -Rip (18)8~T

and p

S*(p,T) = -u 0  (8Q*/BT)dp (19)
0

wherewith equation (14-c) becomes

P

S(p,T) = S(l,T) - RInp - uo (8Q*/OT) d (ZO)
1

7. Woolley's Procedure. This differs from Michels' procedure in

two essentials: the reference states are on an isobar P = I atm.; W0

these states are for hypothetical ideal gas, rather than real gas. The

residual definition of equation (13-a) may be rewritten

A(u, T) = A0 (u,T) + A*(u,T), (13-b)
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where A is any thermodynamic function for perfect gas. To avoid

the logarithmic infinities in the functions A0 , S0 and G for the

perfect gas at zero pressure, the spectroscopically computed values

A (o , T) at P = 1 atm. , corresponding to u (T), are employed for

reference at each T,

A0(u,T) = A (u ,T) + (IA/Ou)Idu. (21)
S~Uo

Equation (13-b) then becomes

A(u,T) =A (Uo T) + "(A/Su)Tddu + A*(u,T), (22-a)o J T T
uo

cr P

A(p,T) =A 0 (poIT) + (8A/8p)ldpT+ A*(p,T), (22-b)

PO

where pol the amagat density of perfect gas at Po = I is

temperature -dependent.

If A be Helmholtz energy, then by equation (15)

( )A/)0 dp -RT lnp + RT lnpo.

But we find the temperature-dependence of p as follows for perfect

gas,

P 0 v0 /v where v = RT/P , (24)00 0 0

whence

0o = (Pov0 /RTo)(T /T). (25)

Combining equations (16), (23), and (25) with (22-b) for Helmholtz

energy,
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A T) =A 0 (P ,T) - RTlnp + RT [ln(P v 0 /RT ) + ln(T /T)]
0 0 0 0 0

P

+ uO Q*dPT. (26)

0

The corresponding expression for entropy is derived by exact analogy,

S(pT) = S(p ,T) - Rlnp + R[ln(pvo/RT ) + ln(T /T)]

P

- u0  (aQ*/BT)d (27)
0

0

The first terms on the right of equations (26) and (27) represent the

tabulated reference values for hypothetical ideal gas at one atmos-

phere pressure.

8. Orthobaric Densities. Some curvature of isochores near satura-

tion, not shown by figure 1, may be suspected. If experimental iso-

chores were measured with very small temperature increments

extending into the coexistence region, a set of isochores would define

the vapor pressure curve. Such desirable measurements usually are

not undertaken as a part of PVT work because of the greatly increased

labor. If heats of vaporization and the vapor pressure curve (curva-

ture) are known, the difference between orthobaric densities may be

computed. Hence the density of saturated liquid, from triple to

critical points, is valuable data. This could be utilized more directly

with the rule of rectilinear diameter, provided two vapor densities

were known [ 15]. Some such information is required to extrapolate

ordinary PVT isochores onto the coexistence boundary.

9. Compressed Liquid Region. Entry to this region requires compu-

tation of functions of density along an isotherm which crosses the
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coexistence region. Applicable relations for the crossing are

NS QIT, (28)

(8S/8v)T (8P/aT)v (29)

(8A/Ov)T = -P. (30)

Upon integration of (29) and (30) in the coexistence region and elimi-
nation of •vT ,

n o TT = -Q/(8 In P/8 In T). (31)

Thermodynamic properties in the compressed liquid region cannot be

related to any low-pressure standard state by means of PVT data

alone. Latent heats [ 10,11] and the vapor pressure curve [ 14] must

be known. An alternative is to employ a specific heat measurement,

C , extending from the triple point through the compressed liquidv

region to a temperature well above critical where the functions are

determined by PVT data alone, figure 1,[ 7].

10. Low Pressure Data Requirements. While our interest and

measurements are concerned with high density regions, we find that

a self-consistent table of thermodynamic properties preferably is

based upon some low-density standard or reference states: equations

(26) and (27), for example. Just how low in density must experi-

mental measurements be extended? Isothermal plots of Q* vs. p

become linear at low density. The linear portions provide values for

second and third virial coefficients. In principle these isotherms
should cover the temperature range of the subsequent calculations.

In practice some extrapolation of the virial coefficients to lower

temperatures may be necessary. Figure 8 of the compendium of

Woolley etal. [ 4] shows that the hydrogen plots are linear in the

range p 4 200. Our figure 2 shows that this covers most of the gas
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and vapor region of densities less than critical (p c 335). Our

apparatus is capable of measurements to densities as low as p = 20.

We therefore should be able to determine second and tliird virial

coefficients by means of data from p = 20 to p = 200, with resulting

isothermal equations of state valid for 0 4 p 4 200 excluding the

condensed phases.

11. Discussion. A commendable procedure of Woolley etal. [ 4] is to

maintain separate tabulations of terms in equations such as (26). Any

errors in individual terms will not invalidate tables of the others.

Our figures show that the p = 1 isochore does not penetrate the

coexistence region. For simplicity of conception, therefore, the

virial equation could be employed with equations (26) and (27),

together with spectroscopic data for ideal parahydrogen, to compute

a table of thermodynamic function values at integral terr- t "atures

along the p = 1 isochore. Equations (17-b) and (20) then would be

applicable with the virial equation for isothermal computationb as a

function of increasing density, with upper limit the coexistence

boundary or limit of validity of the virial equation at about p = 200.

12. Tentative Computational Tables. The following list of tables may

serve as a guide to the computational tasks required:

1. Functions for ideal gas at 1 atm. and integral tempera-

tures.

2. Functions for real gas at p = 1 and integral tempera-

tures. *

3. The change in fucntions between p = 1 and p = pit

where the integral values of p, extend to the

coexistence boundary for integral temperatures

up to critical, and to about p = 200 at higher



-13-

integral temperatures, employing the virial equation

up to "third" coefficient, and direct PVT data for the

vapor region ZOO 4 p - Pc.

4. The change in functions upon crossing the coexistence

region, vapor to liquid, at integral temperatures up

to critical.

5. The change in functions of compressed liquid from

each state of saturation up to integral densities, pi.

extending to the solid or limit of PVT data, at

integral temperatures up to critical.

6. The change in functions of gas and fluid from about

p = 200 to integral values pi extending to the limit

of PVT data at integral temperatures above critical.

R. D.G.
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APPENDIX IH

Expansion of Approximate Equation of State

In seeking regularly-behaved isotherms for examination of the

precision of experimental densities, and therefore also comparison

with the virial equation, it might be useful to expand the equation of

state (Report 13, page 18) units of cc. , g. mol., atm., degree Kelvin,

Pv/RT = v/(v - b + c/v) - (A/RTv M') [1 - (vo/v)]. ()

b =26.9 vo =23.478
c = 237.5 m = 1.86
A=125,000 n =6

The expansion of the first term of (1) converges for molal volumes

greater than 7 cc. ,
S3 4 f~5

v/(v - b+ c/v) = + blu + cluz + du + elu +fu + ... , (2)

where the reduced density is

uMv /v; v =66.95 cc.,c c

and the constants are b, = 0. 4018,

cI = 0.1085 el =0.00321
dl = 0.0223 f1 = 0.00011.

Reduced constants for the second term of (1) are

k, A/Rvm-I = 40. 987 kIkZ =0. 07621.c 6

k 2  (v /v ) 0= . 001860
0 c

The expanded equation then is of the form

Pv/RT = 1 + blu + cluz + ... . Lu [I ]. (3)

For approximations it is recognized that m differs but slightly from

2. (The constant k, is a function of m.) Combining similar terms,
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Pv/RT = I + (bI - klu m-/T) u + cIu2 +... +kk2u m+5/T. (4)

The more useful form of state and virial equations, respectively,

then, are

(z - 1)/u= (vI -k M-2 /T) +CU + du2 +

+ klk m+4/T. (5)

(z -l)/u B 1  +CGu + DU + ..... (6)

where the conventional virial coefficients BI, Ci, ...D . are in

reduced form. No simple comparison between coefficients of

equations (5) and (6) is possible since the coefficients of the latter

must be temperature-dependent, whereas for the former they are not.

R.D.G.
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APPENDIX IlI

Improved Temperature-Contiol Technique

Improved temperature control of the PVT pipet has been

achieved in practice by means of appreciable simplification of techni-

que and required apparatus. The control thermocouple between

refrigerant tank and pipet is not used. The bucking circuit for this

thermocouple is not used. Instead, we are using the platinum

resistance thermometer for control as well as measurement. Output

signal of the electronic galvanometer, used with the microvolt poten-

tiometer for reading the platinum thermometer, is connected directly

to the power regulator for pipet heating temperature control. When

it is required to standardize the potentiometer, the steady-state

heating current first is carefully adjusted on the power-regulator.

The galvanometer signal then is disconnected from the power regu-

lator during the potentiometer standardizing procedures, including

thermometer current standardization.

D. E. D.
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APPENDIX IV

Potentiometer Battery Stabilization*

Drift rate under a few parts per million per hour is desired in

the main working battery for a microvolt potentiometer. The history

of our observations follows.

1) Nickel-cadmium alkaline batteries were said to be absolutely

trouble-free. Our 4-amp. -hour Gulton cells exude caustic. Their

use at full charge, maintained by trickle-charging (Report 2. page Z.

and Report 11, figure 1), is unsatisfactory.

2) Mercury batteries, e.g.. Mallory RM-42R, while excellent

for I milliampere circuits, are unsatisfactory at the 5 ma. -level for

the main potentiometer battery.

3) Nickel-cadmium cells used in single- or in two-stage circuits

as recommended by E. E. Watson (Report Z, page Z), merely as

stabilizers across another power source at 50 percent of capacity

charge are quite unsatisfactory. Investigation shows that effective

internal resistance of 0. 1 ohm for a 6-volt battery at one ampere

rises into the range I to 10 ohms at charge-discharge rates in the

sub-milliampere level, accompanied by intolerable hysteresis effects.

4) A conventional, 100-amp. -hour, low-discharge type of

lead-acid battery in our figure 3 stabilization circuit is giving satis-

faction. The battery is thermally and electrostatically shielded. The

two-microfarad condensers greatly reduce noise which otherwise

appears in the electronic galvanometer amplifier used with the poten-

tiometer when the rectifier power source is connected to the battery.

*See R. J. Corruccini, Stabilization of a d. c. current source by
means of a parallel-connected battery, NBS/CEL Lab Note 60-1Z,
October 13, 1960.
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The ten-turn helical rheostat permits any effective battery drift to

be adjusted to zero. Our battery is stable under a charging current

of about 0.7 milliampere. The manufacturer claims a self-discharge

rate of less than 15 percent per year or 1. 7 milliampere.

R. D.G.
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APPENDIX V

Pressure Correction for Fluid in Pipet Capillary

From page 26, Report 12, the number of gram-moles of hydrogen

in our transition capillary is

N -PVS/RTo.

The dimensionless integral, 0 < S 4 1, page 43, Report 12, will be

taken here as unity. Pressure due to the capillary column then is

-3P --< 10 . N M/A,
K x

where hydrogen mol. wt. is M = 2 and capillary area is A = 10 3cm2
-3

The conversion factor shown is 10 atm./(g/ cmz). Relative error is

P 4- 10- 3 V M/ART

X/P x 0

reducing, with above values, to

P /P • 2V /RT = (16/T 0 10-4,x x O

where T is pipet temperature. This correction is not applied by our0

routine computation, page 19, Report 15.

R. D. G.
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APPENDIX VI

Isochore for n-Hydrogen, Run No. 2

It is convenient to compare this experimental result with the

data of Stewart and Johnson and with our equation of state, provided

the data be interpolated to a true isochore. For data of Exhibit VIII

in Report 15, an arbitrary mean molal volume of 30.6 cc. is selected.

The required interpolation of pressures to this constant density is

obtained by linear interpolation of Stewart and Johnson' s data between

v = 30.0 and v = 31.0,

-&Plv = 0.475T - 1.4. (a)

Data of S. and J. at v = 30.6 was computed by

PSJ = 7.19 T - 171. Z. (b)

Our equation of state at this density is

Pcalc. = 7. 1594 T - 171. 55. (c)

The second column of table 1 gives the experimental pressures cor-

rected to a constant volume of 30.6, P 3 0 .6' by means of equation (a).

A deviation plot of

(P 3 0 .6 - Pcalc. )1P3 0 .6

vs. temperature shows that this isochore in the compressed liquid

region curves toward the critical isochore with increasing temperature.

R.D.G.



-26-

Table 1

Isochores for n-Hydrogen, Run No. 2

at v = 30.6 cc. /mol, Apendix VI

T°K P30.6 PsJ pcalc.

28 29.001 30.1 28.91

30 43.558 44.5 43.23

32 58. 027 58.9 57.55

34 72. 492 73.3 71.87

36 86.999 87.6 86.19

40 115.878 116.4 114.83

45 151.365 152.4 150.62

50 186. 369 188.3 186.42

55 220. 996 (224. 3) 222.22

60 255. 180 (Z60.2) 258.01

65 288.967 (296.2) 293.81
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APPENDIX VU

Vapor Pressure Observations, Parahydrogen

The purified hydrogen used for the PVT measurements was con-

verted to the para form by passing slowly over a ferric oxide catalyst

at about 19. 6K. The efficiency of the conversion was checked in

several cases when the sample was cooled below the point where the

isochore intersects the vapor pressure curve. The resulting vapor

pressures were compared with values for 20. 5K-equilibrium hydrogen,

e-Hz, from the literature. The table following illustrates the agree-

ment of our data with that of Hoge and Arnold [ 1]. The corresponding

vapor pressures for normal hydrogen, from White, Friedman, and

Johnston [ 2], are included for comparison.

L. A. W.

References

[1] H. J. Hoge and R. D. Arnold, J. Res. NBS 42, 63 (1951).

[2] D. White, A. S. Friedman, and H. L. Johnston, J. Am. Chem.
Soc. 72, 3927 (1950).



Table Z

Vapor Pressure Observations

Run T, "K P(this work) e-Hz[l] n-Hz[Z]
(atm.) (atm.) (atm. )

5 26 3.9811 3.9777 3.8249

6 27 4.8215 4.8226 4.6296

14 30 8. 1041 8. 1087 7. 7786

25 32 11.051 11.033 10.630
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APPENDIX VIII

PVT Data for Parahydrogen

Tables 3 through 31 present experimental results in the range

28 through 70 cc/ g. mol. The following limitations should be care-

fully considered relative to any utilization of these data"

1) A small, indeterminate, but not insignificant error exists

in the temperatures, as described below. Some of these

experiments therefore will be repeated.

2) These data have not been smoothed.

3) The initial point of a few runs falls oix the vapor pressure

curve.

These tables have been computed from laboratory "input"

observations as described by Exhibits VI and VII of Report 15. This

laboratory has changed from an IBM-650 computing machine to a

CDC-1604 during the course of the experiments. The latter was used

to print out the data tables. Greater flexibility of the latter computer

is reflected by our revised laboratory data sheets, Exhibits A and B.

Temperature Error. Initial measurements purportedly showed

absence of significant spurious potentials from the platinum thermo-

meter measuring circuit when the thermometer current was off. After

the PVT measurements were completed, a spurious residual potential

was found which drifted from 0. 36 to 0.24 microvolt in eight hours

under conditions used for PVT measurements. This potential was of

the same sign as those produced for measurement by the one milli-

ampere thermometer current. Temperatures given by tables 3 through

31 therefore are higher than the true temperature. The following table

illustrates the magnitude of the error, which must be regarded as

indeterminate.
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Temperature Error Corresponding to 0. 3 Microvolt
Residual Signal on Platinum Thermometer Measured

with One Milliarrpere Current

T dR/dT Error, *K

15 .0081 0.0370
20 . 0186 0.0161
2 5 . 0329 0. 0091
30 . 0483 0.0062
3 5 . 0633 0. 0047
40 . 0761 0. 0039
60 . 1045 0.0029

100 . 1102 0.0027

If the temperature error be ignored, a corresponding error in pressures

may be considered. Rough values for the worst condition (occurring

at a low pressure of 5 atm. and an isochore slope of 10 atm. per degree)

yield at about 17*K an error in the order of 6 percent in pressure.

Three examinations for self-consistency or mistakes have

been performed.

1) The laboratory P vs. T data for each run is difference prior

to any PVT computation as in Exhibit IV, Report 15. A plot of these

first differences in the form

tAP/AT vs. Tu (T? + Tj)/2

affords a sensitivity of examination equal to or greater than the pre-

cision of measurement of these variables. A few early runs were

repeated because of inadequate smoothness in these plots.

2) For each run, the PVT computation is carried out to obtain

the nearly constant density at each temperature, Each of these densities

depends upon numerous small apparatus corrections, such as the

temperature of the external null-detector diaphragm. Any erroneously-

recorded laboratory data will produce irregularities in some order of
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the differences of these densities within a single run, Exhibit V,

Report 51, detected usually by a plot of Av/IT vs. I.

3) Self-consistency of the density between different runs at

different densities is equivalent to such consistency in measurements

of the amount of gas released from the pipet at the end of each run.

After the PVT computations for a set of numerous runs are complete,

it is required to plot and examine for smoothness a suitable type of

isotherm containing one point from every run. To ask for an isotherm

linear in density is to ask for an equation of state. We have found

adequate sensitivity for the present purpose, despite the curvature at

high densities, by using the value of the second virial coefficient, B,

for normal hydrogen together with our parahydrogen data Z a Pv/RT

and plotting

[(Z - l)v - B]v vs. 1/v.

The results in tables 3 through 31 were so examined on the 60"K

isotherm.

H. M. R. and R. D. G.
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1. 2 Thermal Conductivity of Fluids

William J. Hall
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1. 2 Thermal Conductivity of Fluids

Since the pressure in the thermal conductivity apparatus

reaches 300 atmospheres, it was necessary to open the sealed plati-

num resistance thermometers to the surrounding atmosphere to

prevent them from being crushed even though this would also cause

them to lose calibration.

To recalibrate the thermometers, the hot plate and the cold

plate, each containing a platinum resistance thermometer, were

placed in physical contact. The hot plate, cold plate, and block were

then in thermal equilibrium. The measuring block could be held at

any desired temperature and the two thermometers inside checked

against a sealed resistance thermometer with a previous calibration

outside the pressure cell.

Unfortunately, we have not received the calibration on the

external thermometer; therefore, all the data presented in tables I

and II must be relative and is given in terms of resistance as a

function of the resistance of the calibrated therr, neter rather than

a function of temperature.

The calibration was done for 0. 1, 1. 0, and 10. 0 atmospheres

with helium gas in the system. The block was brought to a specified

temperature and held at that temperature while the readings were

taken; then the pressure was changed and the temperature held

constant. This was rather easy to accomplish since the heat capacity

of the block is many times that of the gas in the system. The tempera-

ture can be held to at least *0. 001"K or *0. 0001 ohms on the resistance

thermometer. Many times the block was steady to *0. 00010 K.
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The resistances of the platinum thermometers were measured

by a potentiometric method. A current of 2 milliamperes *5 micro-

amperes, supplied by three mercury cells in series with 2,000 ohms

and measured by a 1-ohm standard resistor, was passed through the

thermometers. The apparent voltage on the platinum resistance

thermometer was measured both with and without current flowing

through it, and the difference between these two measurements was

the true voltage on the thermometer. A slight correction to the current

was also necessary since the 1-ohm resistor was actually 0. 99998 ohms.

The ratio of the corrected voltage to the corrected current then gave

the resistance of the platinum thermometer.

Preliminary graphs of the data indicate that there is some con-

duction of heat from the thermometers by the gas. This may mean

there will be a slight error produced in the temperature measurement

which will be a function of the thermal conductivity of the gas in the

system. For this reason, and also to make various other calibration

checks on the system, we will measure the thermal conductivity of air

first and then check the results of the system against the results of

other researchers.

Fortunately, the minor disturbances, such as thermocouple

breaks and vacuum failures, which have slowed the progress of the

apparatus are becoming less frequent.
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2. Cryogenic Instrumentation

J. Macinko. P. Smelser, R. C. Muhlenhaupt,
C. E. Miller, Dr. R. B. Jacobs

The main effort of the instrumentation project during the past

quarter has been devoted to the design and construction of test

apparatus with a secondary effort applied to the survey of flowmeters.

Manufacturers have been requested to submit instruments on a con-

signment basis for testing. Upon completion of testing, the instru-

ments will be returned and results and recommendations will be sent

to the manufacturers.

Pressure Transducers

The test apparatus (figure 11, First Quarterly Report), has

been built, installed at the test site and the associated control and

recording instruments have been checked out. The apparatus has

been cold shocked and mock tests have been run. A delay in the

shipping of the pressure standards prevented any tests from being

performed to date. However the test gages have been installed and

preliminary tests are being run while waiting for the dead weight

calibration tester. The overall performance will be evaluated after

calibration.

Each transducer will be calibrated at temperatures of 300"K,

90"K, 76"K and 20"K. In addition, the temperature bath can be

controlled in the ranges of 20 to 33°K and 76 to 100"K. Temperature

coefficients in these regions can thus be obtained. Temperature

cycling and hysteresis effects will be determined in addition to

repeatability, zero shift and linearity.

Temperature Sensors

A test apparatus (figure 1) for determining the response time

of temperature sensors has been designed and construction will begin
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shortly. This unit has a spring loaded plunger which will move a

temperature sensor from a controlled temperature in the vapor region

into a controlled liquid bath. This will give the response time for

sensors subjected to a vapor to liquid change in surroundings. As

designed, the test chamber will accommodate sensors up to 3/4" in

diameter and up to 20" in length.

A second unit is being designed to utilize the rapid

change in liquid temperature brought about by adiabatic compression.

With the sensor submerged, a temperature step function can be

obtained in the ambient liquid and the response time determined.

Several basic design problems must be resolved before the overall

design takes its final form. Two apparatuses concerned with the

dynamic characteristics of temperature sensors are being used in an

effort to obtain data directly applicable to actual situations, and to

ascertain the feasibility of describing character--. ics independent

from the heat transfer characteristics of the test fluids.

Liquid Level Gages

The instrumentation program will include the calibration and

evaluation of liquid level gages. Present plans call for a primary

standare capable of accurately following a changing liquid level.

Several ideas for a standard are being investigated and tested. As

soon as a decision is made on the standard, design of the test

apparatus will begin.

Tests have just been completed on a transistor liquid level

indicator using carbon resistors as sensing elements. A schematic of

the circuit is given in figure 2. Factors affecting choice of resistor

size, type of liquid, stability, reliability, and other considerations

are discussed in a paper which is undergoing final revision and will
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be published shortly in "Review of Scientific Instruments". A copy

of the paper will be included in a future report.

Flowmeter Surve,

Due to the lack of flow test facilities at present, and no

definite plans for any future facility, only a limited amount of test

data is contained in the flowmeter survey. The survey compiled to

date is based on manufacturers' literature, results of applications

of meters in industry, a limited number of test reports, and several

other surveys of flowmeters available from technical publications.

Inquiries have been sent to most of the manufacturers of flowmeters

applicable to cryogenic fluids; a few more will be sent out shortly.

The inquiries have requested a physical description, operating

principles and characteristics including range and accuracy, and

price if commercially available. The first draft of the survey

contains the information available at present and will be distributed

shortly; continuous additions and revisions are being made as more

information is received.

2. 1 Forced Vibration Densitometer Studies

A test apparatus similar to the one shown in figure 12, First

Quarterly Report, has been designed and built. Tests have been

performed on the apparatus without fluid to establish the dynamic

characteristics of the instrument. Results of these tests indicated

several undesirable characteristics to be present. The most critical

of these were frequent failures of the brass bellows due to over-

stressing and work hardening, and harmonics which cause distortion

in the dynamometer output signal.

The following modifications were made in an attempt to

correct these:
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a. The brass bellows were replaced by bellows of beryllium-

copper.

b. The amplitude of the oscillating passage was decreased

from 0. 22" to 0. 12".

c. Improved passage guides were designed and installed to

insure only one degree of freedom for the passage.

A Statham dynamometer was selected to measure the force

transmitted to the passage. This gage has a flat frequency response

up to 3000 cps, a stiffness of 6 x 10 4#/in. and a load capacity of *10

lbs. It is assumed that with this stiffness the driver and passage

motion may be considered in phase. A proximity pickup was installed

to check the validity of this assumption. Calibration tests will be run

as soon as the instrument proves to have suitable endurance and

undesirable harmonics have been eliminated.

3. Cryogenic Design Principles and Materials Utilization
D. B. Chelton, L. E. Scott, J. A. Brennan and
B. W. Birmingham

General assistance on Project Centaur has continued during

the reporting period. Emphasis, however, has been placed on the

design of low temperature observation windows for various containers,

the preparation for testing of bearings for the zero-gravity centrifugal

vent device and the adaptation of NBS developed seals for fuel line

flange application.

A detailed discussion of some of the technical problems that

have been considered on Project Centaur are described below. In

addition to those described, discussions have been held with CVA

personnel on other matters of general cryogenic importance such as

properties of materials, temperature stratification, and instrumenta-

tion. Three visits to Convair Astronautics (CVA) were made by NBS



-74-

personnel. Several telephone conversations to assist CVA personnel

have taken place. Also, CVA has visited NBS for assistance and to

observe certain tests.

3. 1 Observation Windows

Early in this reporting period, a CVA window frame for the

Zero-G test container was brought to Boulder for both installing of

the glass using epoxy adhesive and for low temperature testing. This

window failed during cooldown. The frame design did not adequately

limit the heat transfer from the outer window to the liquid hydrogen

heat sink. Consequently, severe frosting of the window occurred. As

a result, CVA designed a new window configuration which was reviewed

by NBS. The redesign also had several problem areas, in particular,

inadequate fin area and possible weak structure. Detailed comments

on this new design were submitted in a letter report to CVA.

Assistance to several other CVA departments on window design

for low temperature applications has also been given during visits.

The discussions with CVA personnel on this general subject have indi-

cated a need for a compilation of some of the design parameters

necessary for a successful window. An informal report, NBS Labora-

tory Note 61-2, "Preliminary Notes on Cryogenic Windows" has been

prepared to partially fulfill this need. A window to demonstrate the

design parameters has been constructed in Boulder. The dimensions

are similar to those required for the Zero-G test vessel. This window

will be tested in the near future. An additional window, using the

compressed O-ring seal principle reported elsewhere in this report,

is also being investigated. A test apparatus, to determine the ability

of the window to withstand the high loading forces required, is

completed. Results of the tests will be available shortly.
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Although considerable discussion has taken place with the

various groups at CVA concerned with window designs, a number of

designs have recently been seen in the CVA shop that CEL feels will

fail.

3. 2 Bearings for Zero-Gravity Vent Device

The possibility of using ball bearings in a centrifugal vent

device was indicated in the First Quarterly Report. As was indicated

in that report, bearings have been operated successfully in a cold

gaseous nitrogen atmosphere under essentially no load. It is necessary

to extend the testing to include tests under conditions similar to what

is expected in the vent device.

To evaluate bearings operating in a hydrogen atmosphere, it

was necessary to relocate the NBS test apparatus and make some

modifications to the existing equipment. The tester has been moved

and the modifications are nearing completion. Preliminary testing

should start before February 1.

Actual testing will be concerned with finding a bearing that will

operate reliably under conditions similar to what are expected in the

venting device. The tests will be performed with the bearings running

in a gaseous hydrogen atmosphere. The hydrogen gas will be cooled in

liquid nitrogen before being introduced into the tester. During the

tests the following information will be monitored: speed, load, torque

and outer ring temperature of the test bearings.

The bearing test speed will be approximately 10, 000 rpm, the

anticipated operating speed of the vent device. Both radial and thrust

loads will be encountered. However, only thrust loads can be applied

to bearings tested in the existing apparatus. A thrust load equivalent

to the combined radial and thrust loads that are expected will be placed

on the bearings. Since the radial load is quite small compared to the
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thrust load, this should not introduce inconsistencies between test

results and their application. Torque will be measured as a function

of time with a variable capacitor torquemeter. Temperature will also

be measured as a function of time and coolant gas flow rate by attach-

ing thermocouples on the outer rings of the bearings.

Possibilities other than unlubricated ball bearings appear

feasible for the centrifugal vent device. Plans are presently being

made to extend the bearing tests to include tests on sleeve type journal

bearings, in particular bearings made of carbon compounds. Prelim-

inary tests will be conducted submerged in liquid nitrogen. If success-

ful bearings are established under these conditions, the tests will

extend to operation in a cold gaseous hydrogen atmosphere.

3. 3 Fuel Line Flange Seal

The fuel line flange currently used on the Centaur employs a

pressure actuated "Teflon" jacketed metal seal. This seal has failed

to perform properly in this application. Recent work* performed by

NBS reports a technique which has made excellent seals under similar

conditions.

Accordingly, an investigation to study the use of this seal in

the Centaur application has been undertaken. Two test flanges (similar

to the Centaur flange) were constructed as illustrated in figure 3. A

test container was also constructed to allow the assembled flange to be

pressure tested at liquid nitrogen temperature (-320F). The flange

was assembled as shown in figure 4 and placed inside the test container.

The volume around the assembly was evacuated and connected to a

mass spectrometer helium leak detector. The volume inside the flange

*Weitzel, D. H., et al, "Elastomers for Static Seals at
Cryogenic Temperatures", Paper D-6, Proceedings of the 1960 Cryo-
genic Engineering Conf., Boulder, Colorado, August 21-23, 1960.
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assembly could then be cooled to liquid nitrogen temperature and

pressurized with helium gas. Any seal leakage would immediately be

shown by the leak detector. The assembly was proof-tested to 225

psi and leak checked at 165 psi.

Three tests have, thus far, been performed with this apparatus.

The first of these employed a neoprene O-ring, I.D. = 2. 614 in.,

width = 0. 070 in., obtained from Plastic and Rubber Products, Inc.

(Parco), Los Angeles, California. The neoprene was designated as

compound 307-50. The seal was made by installing the O-ring, as

received from the manufacturer, between the two clean (degreased

with trichloroethylene) flange faces. The unit was assembled by evenly

tightening ten 1/4 inch N. F. cap screws to a torque of 120 in. -lb.

When pressure tested, the seal was found to be leak tight on the mfst

sensitive scale of the mass spectrometer at both room temperature

and liquid nitrogen temperature. The seal assembly was temperature

cycled from ambient to liquid nitrogen temperature three times, and

pressure tested after each cycle. No leaks were indicated at any

time.

Identical tests were made with two additional O-rings:

1. Parco Compound 921-65 ("Hypalon'), I.D. = 2. 614 in.,
width = 0. 070 in. Bolt torque = 70 in. -lb.

2. Neoprene, 0.D. = 2-3/4 in., width = 0. 139 in. This
standard O-ring was a rather hard compound carried in
NBS-CEL stock for general high-vacuum use. Bolt
torque = 120 in. -lb.

Both of these tests were as pron Ag as the first, with no leaks

indicated.

It is interesting to note that the flange edges, on tests one and

two, were touching at the bolt torque indicated.
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The susceptibility of these seals to vibrational loads was not

explored in these preliminary tests. Previous confined seals in

similar applications have demonstrated ability to withstand vibration.

These seals appear promising for the Centaur application.

The present testing was done at liquid nitrogen temperatures only.

Past experience with these materials, however, indicates that service

at liquid hydrogen temperature would have no further detrimental

effects, which were not already apparent at liquid nitrogen temperature.

The encouraging results warrant further investigation of the

possible application to the fuel line flanges. The preliminary results

have been given to CVA and a joint program established. NBS will

perform additional thermal and pressure tests on the above sealing

method and on other more conventional commercial seals. CVA will

perform vibration tests on the successful seals. Physical retainment

of the seals for field installation will be considered by NBS and CVA.

3.4 Ground Support Eauipment

Several general discussions were held with CVA personnel

concerning ground support equipment. These had particular applica-

tion to facilities at Point Loma and Sycamore Test Sites. The subjects

of transfer lines, storage tanks, high vacuum insulation and powder-

vacuum insulation were considered.

A contamination problem has been encountered involving the

pressurizing gas used for fuel transfer. The helium gas used for this

purpose contains several hundred parts per million of oxygen and

nitrogen in the proportions of air. The potential hazards of the

accumulated air and methods of avoiding the initial contamination were

discussed. Based on past experience and experimental programs

concerned with the potential hazards of solid air in liquid hydrogen,

it was concluded that although no particular hazard existed, steps

should be taken to prevent the initial contamination of the helium.
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3. 5 Propellant Tank Insulation

Insulation for the propellant tank has application to the Propel-

lant Test Vehicle (PTV) and the Centaur Vehicle. The PTV insulation

is quite heavy compared to the Centaur Vehicle in order to simulate

the heat transfer encountered in space. It is of immediate concern

to obtain a successful insulation for such application. The Centaur

insulation is divided into that which is jetisoned during flight and that

which remains aboard on the fuel tank forward bulkhead. Success of

the insulation is of utmost importance.

During the reporting period, sprayed on foam was applied to

two PTV tanks. The PTV located at Sycamore has been cooled on

several occasions. On the first cooldown the insulation exhibited

typical failures -- circumferential cracks, radial cracks and poor

adhesion. On subsequent cooldowns, the initial failures propagated.

The effectiveness of the insulation is quite poor.

Although no immediate solution to the problem is apparent, it

is felt that further study should not be de-emphasized. Suggestions on

a possible program of research and development have been prepared.

Further study should include not only attempts to obtain an immediate

solution, but also a long-range development program.

4. A Compilation of Thermophysical Properties of Cryogenic
Materials
R. B. Stewart and V. J. Johnson

The task of compiling data of cryogenic materials was started

at CEL in January 1958. This early effort culminated with the publi-

cation of the preliminary report, "A Compendium of the Properties of

Materials at Low Temperature", Phase I, in December 1959. The

scope of this activity was later increased in January 1959 to include
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seven additional properties which was the beginning of the work now

being carried on in this project.

Extensive bibliographies have been prepared for this second

phase of this activity on the following subjects:

1. Compressibility Factor of Cryogenic Fluids.

2. Compress bility and Compressibility Coefficients of
Cryogenic Fluids.

3. Entropy Data for Cryogenic Fluids.

4. Velocity of Sound for Cryogenic Fluids.

5. Solubility of 2-Component Mixtures of Cryogenic Fluids.

6. Electrical Resistivity (and Conductivity) of Materials at
Low Temperatures.

7. Ferromagnetic Properties of Materials at Low Temperatures.

(The cryogenic fluids of primary interest are: Helium, Hydro-

gen, Neon, Nitrogen, Oxygen, Air, Carbon Monoxide, Fluorine,

Argon and Methane.)

A task of assembling thermal conductivity integrals of cryogenic

materials was completed from work done in Phase I. (The thermal

conductivity integral is a cumulative value of thermal conductivity

from the datum temperature rather than an instantaneous value.) This

material is compiled in tables for 44 pure metallic substances, 36 non-

ferrous alloys, 9 ferrous alloys and 4 glasses and plastics.

The compilation and correlation of data and the presentation of

the results on completely documented data sheets in the current

established program is progressing. These data sheets usually contain

graphical presentation of the data in a form that is particularly useful

for engineering information. In addition, the data sheet includes a

documentation of the data sources, information on methods of analysis

of the data and basis for selection of the data used together with

comparisons of alternate sources when available. Tables of selected

values are also included.
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Data sheets are currently being prepared for the subjects

included in the above bibliographies. These data sheets are in various

stages of completion for the materials currently being considered.

Many of the data sheets, in particular on compressibility factor,

velocity of sound, solubility and electrical resistivity are in the final

stages of review for issuance.

The following is an indication of the current status of tasks

worked on during the reporting period, together with an estimate of

their completeness:

1. Compressibility Factor for Cryogenic Fluids (Z = PV/RT)

(data sheets for hydrogen, nitrogen, methane and air were
completed previously)

Argon (1 to 5000 atm., 120 to 300°K)(70% completed)
Helium (1 to 100 atm., 20 to 300*K)(50% completed)
Neon (20 to 90 atm., 55 to 300°K)(100% completed)

2. Entropy for Cryogenic Fluids (T-S diagram with constant
property lines for pressure, volume, enthalpy)

Neon (20 to 90 atm., 55 to 3000K)(60% completed)
Helium (1 to 100 atm., 20 to 300°K)(30% completed)
Nitrogen (I to 3000 atm., 90 to 300°K)(20% completed)

3. Solubility and Phase Equilibria of 2-Component Mixtures
(solid, liquid, gas phases). About 28 data sheets are in
various states of preparation. (This task is now about
80% completed.)

4. Electrical Resistivity of the Pure Metals. Data sheets for
21 metals have been completed for review. Data sheets

for 25 metals are in progress and are about 80% completed.

In addition to continuing the tasks now in progress to the

completion of several data sheets in the next reporting period, it is

anticipated that active preparation of data sheets will be undertaken

for the subjects fnr which bibliographies are now available. Additional

materials and an increased number of fluids will also be considered,

providing adequate staffing can be made available.
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